INTRODUCTION
============

Apoptosis or programmed cell death is a normal component of the development and health of multicellular organisms. Cells die in response to a variety of stimuli, and in apoptosis, they do so in a controlled, regulated fashion. This makes apoptosis distinct from necrosis, another form of cell death, in which uncontrolled cell death leads to the lysis of cells, inflammatory responses, and potentially, to serious health problems. Apoptosis, in contrast, is a process in which cells play an active role in their own death. Apoptosis plays an important role in embryogenesis, metamorphosis, cellular homeostasis, tissue atrophy, and tumor regression. It is defined by morphological changes that include cell shrinkage, chromatin condensation, nuclear fragmentation, membrane blebbing, and apoptotic body formation [@B001]-[@B003]. Oxidative stress and cell-cycle regulation are two essential elements in the apoptosis process. Apoptosis may be triggered by oxidative insults [@B004]. Reactive oxygen species (ROS) are important chemical messengers in normal cells. They keep the balance with antioxidants in healthy cells [@B005]. The accumulation of ROS results in oxidative stress, which mostly results in cell apoptosis [@B006]. In addition, cell cycle arrest and apoptosis are closely linked to cell proliferation in mammalian cells [@B007]-[@B009]. Because cancer involves deregulated cell proliferation and survival, inducing cell-cycle arrest is a feasible treatment to forestall continued tumor proliferation [@B010]. A variety of natural and chemical compounds has been reported to interfere with the cell cycle, promote or inhibit apoptosis, produce important effects on their signal transduction and development progress, and even result in the death of tumor cells [@B011]-[@B013].

Recent scientific efforts have focused on the potential roles of extracts of traditional herbs as alternative and complementary medications for cancer treatment. Flavonoids, a kind of polyphenol, have three phenolic subcomponents and are also commonly referred to as bioflavonoids [@B014]. Phytochemicals in the flavonoid family have noted bioactivities to suppress the ROS, inflammation, and growth of tumors [@B015],[@B016].

Luteolin-7-O-glucoside (LUT7G), a flavone subclass of flavonoids, can be found in wild edible vegetables such as *Ailanthus altissima*. LUT7G possesses potential antibacterial, antifungal [@B017], antioxidant [@B018], and anti-inflammation effects [@B019]. However, there has been no report related to the regulation of cell cycle and apoptosis on hepatocarcinoma cells. We investigated the anti-proliferation of LUT7G on tumor cells and the cellular mechanism of the cytotoxicity of LUT7G in HepG2 cells.

RESULTS
=======

Cytotoxic effects of LUT7G on HepG2 cell lines
----------------------------------------------

To determine the cytotoxic effects of LUT7G on HepG2 cells, the cells were exposed to various concentrations of LUT7G (50, 100, and 200 μM) for 24 h. Cells treated with 1% DMSO were used as controls. As shown in [Fig. 1](#F0001){ref-type="fig"}A, LUT7G decreased cell viability in HepG2 cells in a dose-dependent manner. HepG2 cell proliferation was reduced by 39.8% after exposure to 200 μM LUT7G for 24 h. In addition, there was no cytotoxicity effect of LUT7G on normal cell lines (Huh7 cells) at the concentration tested ([Fig. 1](#F0001){ref-type="fig"}B). Microscopic image analysis revealed that LUT7G caused cell shrinkage with a condensed nucleus and a rough plasma membrane, which are indicative of apoptosis ([Fig. 1](#F0001){ref-type="fig"}C).

Induction of apoptosis by LUT7G in HepG2 cells
----------------------------------------------

In order to determine whether the anti-proliferative effect of LUT7G was due to apoptosis, HepG2 cells were treated with LUT7G for 24 h, and nuclear Hoechst 33343 staining was performed. As shown in [Fig. 2](#F0002){ref-type="fig"}A, nuclei with condensed chromatin and apoptotic bodies, which are typical of apoptosis, were observed in HepG2 cells incubated with LUT7G. The number of apoptotic cells increased as the concentration of LUT7G increased.

![Inhibitory effect of Luteolin-7-O-glucoside (LUT7G) in HepG2 and Huh7 cells. (A and B) HepG2(A) and Huh7(B) cells were treated with LUT7G at different concentrations (50, 100, and 200 μM). After treatment for 24 h, cell viability was quantified by measuring intracellular ATP. The bars represent the mean ± SEM of 3 experiments performed in triplicate. \*\*P ＜ 0.01 and \*\*\*P ＜ 0.001 significantly different from the no treated-group. (C) Light microscopic images after incubation of LUT7G for 24 h in HepG2 (×200).](BMB-46-611-g0001){#F0001}

![Luteolin-7-O-glucoside (LUT7G) induces morphological changes of nuclear structure and DNA fragmentation in HepG2 cells. (A) Cells were incubated with LUT7G (50, 100, and 200 μM) for 24 h, followed by detection of apoptotic morphology by staining with a fluorescent DNA-binding dye. Hoechst 33342(H33324) and DNA fragmentation was detected by TUNEL staining. Identical fields were observed for TUNEL-positive for all nuclei. (B) Cells were treated with LUT7G for 24 h, and total genomic DNA was isolated. DNA laddering was run on 1% agarose gels and visualized by ethidium bromide staining.](BMB-46-611-g0002){#F0002}

Next, we investigated DNA fragmentation in the nucleus using TUNEL staining. As shown in [Fig. 2](#F0002){ref-type="fig"}A, LUT7G significantly induced DNA fragmentation in HepG2 cells (yellow-green, TUNEL). Propidium iodide (PI) was used for the counterstain for all nuclei. In agreement with the results in [Fig. 2](#F0002){ref-type="fig"}A, LUT7G also increased DNA laddering in HepG2 cells in a dose-dependent manner ([Fig. 2](#F0002){ref-type="fig"}B). This suggests that the HepG2 cells may undergo apoptosis after LUT7G treatment, and there is a good correlation between the extent of apoptosis and the inhibition of cell growth.

LUT7G induces apoptosis in HepG2 via a caspase-independent pathway
------------------------------------------------------------------

Because apoptosis can proceed either via caspase-dependent or independent signaling pathways [@B020],[@B021], the involvement of caspases in LUT7G-induced HepG2 cell apoptosis was assessed. Expressions of the intracellular proteins related to apoptosis, such as PARP and caspase-3, -8, and -9, were investigated to understand the mechanisms by which LUT7G-induces apoptosis in HepG2 cells. As shown in [Fig. 3](#F0003){ref-type="fig"}A, the level of the PARP was decreased, and the level of cleaved PARP was increased in LUT7G-treated HepG2 cells. In contrast, the expression of caspase-3, -8 and -9 were not changed. These results suggest that the HepG2 cell apoptosis induced by LUT7G is not dependent on the activation of the caspase family of proteins.

To analyze other possible causes of growth inhibition, we examined the apoptotic effect of LUT7G on ROS generation and cell cycle arrest, which are known to be essential evidence of apoptosis. To investigate the intracellular levels of ROS, cell-permeable probe DCF-DA was utilized. Non-fluorescent DCF-DA, hydrolyzed to DCFH inside the cells, yields highly fluorescent DCF-DA in the presence of intracellular hydrogen peroxide and related peroxides [@B022]. As shown in [Fig. 3](#F0003){ref-type="fig"}B, HepG2 cells treated with LUT7G for 24 h revealed ROS generation dose-dependently induced by LUT7G.

![Luteolin-7-O-glucoside (LUT7G) induces apoptosis in HepG2 via a caspase-independent pathway. (A) Cells were treated with LUT7G at the indicated concentration for 24 h. Whole cell lysates were subjected to western blot analysis of anti-PARP, caspase-3, -8, and -9 antibodies. β-actin was used as an internal control. (B) Cells were treated with LUT7G for 24 h. After staining with DCF-DA for 30 min, the ROS generation was analyzed with microscopy. (C) Cells were treated with LUT7G for 24 h. After fixation and staining with PI for 30 min, the cell cycle profiles were analyzed with flow cytometry. Representative results of the actual cell cycle profile are shown.](BMB-46-611-g0003){#F0003}

![Inhibition of Luteolin-7-O-glucoside (LUT7G)-induced apoptosis by JNK inhibitor in HepG2 cells. (A) Cells were treated with LUT7G at the indicated concentration for 24 h. Whole cell lysates were subjected to western blot analysis of anti-p38, ERK, JNK, and phospholyrated JNK antibodies. β-actin was used as an internal control. (B) The cells were stimulated with various LUT7G for 24 h and after pre-treatment with 20 μM Z-VAD-FMK (Z-VAD), 20 μM SP600125(SP), 20 μM PD98059(PD) and 20 μM SB203580(SB) for 1 h. Cell viability was quantified by measuring intracellular ATP. The bars represent the mean ± SEM of 3 experiments performed in triplicate. \*P ＜ 0.05, \*\*P ＜ 0.01 and \*\*\*p \< 0.001 significantly different from the no treated-group.](BMB-46-611-g0004){#F0004}

Next, we investigate the effect of LUT7G on the cell cycle using flow cytometry. LUT7G treatment arrested HepG2 cells at the G~2~/M phase ([Fig. 3](#F0003){ref-type="fig"}C). The maximum G~2~/M phase percentage of 34.01% occurred with 200 μM LUT7G treatment for 24 h. Therefore, LUT7G induced the G~2~/M cycle arrest of HepG2 cells.

LUT7G induced apoptosis by JNK pathway
--------------------------------------

MAPKs are activated by various extracellular stimuli, and mediate the signal transduction cascades that play an important role in cell cycle arrest and cell apoptosis [@B023],[@B024]. Therefore, we next examined the effects of LUT7G on MAPK signaling. The expression of MAPK proteins such as JNK, ERK, and p38 were measured by western blotting. As shown in [Fig. 4](#F0004){ref-type="fig"}A, the quantification of band intensity showed that JNK was decreased after LUT7G treatment, but the expression levels of ERK and p38 were not affected. The phosphorylation level of JNK was increased by LUT7G treatment. Next, we investigated the possible roles of MAPKs in LUT7G-induced apoptosis. Cell viability was measured in the presence of specific MAPK inhibitors by intracellular ATP content. The cell viability was similar in the presence of Z-VAD-FMK, PD98059, and SB203580, while it was increased due to SP600125 treatment ([Fig. 4](#F0004){ref-type="fig"}B). These results indicate that LUT7G-induced apoptosis may be associated with the upregulation of the JNK pathways.

DISCUSSION
==========

The proliferation inhibition and apoptotic induction of tumor cells are effective to prevent tumor growth and to eliminate cancers. Although numerous compounds possess antitumor activities, their applications as antitumor agents are greatly restricted by an unknown mechanism [@B025]-[@B027]. In the present study, our results demonstrate that LUT7G inhibited growth and induced apoptosis in HepG2 liver carcinoma cells through a caspase-independent pathway, and LUT7G-induced apoptosis appears to be mediated via the induction of G2/M cell cycle arrest and ROS generation. Additionally, this form of cell death requires activation of the JNK pathway.

In the present study, we found that LUT7G was cytotoxic to the human hepatocarcinoma cell line (HepG2). We confirmed the effect on the morphologic features of HepG2 cells. HepG2 cells showed apoptotic body formation and DNA fragmentation with LUT7G treatment, which indicated apoptosis.

One of the main pathways of apoptosis is a caspase-dependent pathway. The caspases are cystein proteases that play key roles in the execution phase of apoptosis. Among the family of caspases, caspase-3 has been reported to be the most frequently activated caspase protease in apoptotic cells, indicating its crucial role in the cell death process [@B028]. In the present study, our data show that LUT7G-induced apoptosis was not inhibited by the broad-spectrum caspase inhibitor Z-VADFMK, with no activation of caspase-3, suggesting a caspase-independent signal transduction pathway.

Because increasing evidence has associated apoptosis with ROS generation and cell cycle arrest, we examined the apoptotic effect of LUT7G on these features. ROS generation was effectively enhanced by LUT7G in HepG2 cells. Additionally, HepG2 cells treated with LUT7G were significantly arrested at the G~2~/M stage before apoptosis. Therefore, ROS generation and G~2~/M cell-cycle arrest probably contribute to LUT7G-induced HepG2 cell apoptosis.

The examination of several signaling molecules may help explain the mechanism of the apoptosis process caused by LUT7G in HepG2 cells. We found that LUT7G triggered phosphorylation of JNK in HepG2 cells.

The mitogen-activated protein kinases (MAPKs) family is one of the signal pathways that has been implicated in oxidative stress-induced cell death cascade [@B029],[@B030]. Among the MAPKs family, the activation of JNK is commonly linked to promoting cell apoptosis and cell death, and it is thus is also called a stress-activated protein kinase (SAPK) [@B031],[@B032]. For mammalian cells, researchers have reported that the accumulation of H~2~O~2~ can activate JNK pathways [@B033]. Also, prolonged JNK activity promotes apoptosis, and can lead to accumulated ROS [@B034]. In addition, JNK may be involved in cell cycle regulation. JNK is associated with the cell cycle with its target molecule c-Jun protein, which was reported to be involved with G~1~ phase progression [@B035]. Previous studies reported an association between the JNK signaling pathway and the suppression of cell-cycle progression via the activation of cell cycle inhibitor proteins, including p21 and p27 [@B036]-[@B038].

The results of the present study significantly advance our understanding of the molecular actions of LUT7G. In particular, the novel findings reported here are that JNK activation underlies the anti-proliferative effects of LUT7G, such as G~2~/M cell-cycle arrest. Although the present data demonstrate the importance of JNK activation in LUT7G-induced growth inhibition in liver cancer cells, the mechanisms by which JNK regulates apoptotic factors in LUT7G treatment remain to be identified.

In conclusion, we demonstrated that LUT7G could affect the viability of human carcinoma cells. Furthermore, LUT7G induced apoptosis in HepG2 cells in a dose-dependent manner through caspase-independent pathways. With apoptosis, ROS accumulated, and cells were arrested in G~2~/M. ROS accumulation and G~2~/M cell cycle arrest contributed to the apoptosis process through the JNK pathway. These results provide further insight into LUT7G-induced apoptosis, and a new insight into the molecular mechanisms of LUT7G for cancer intervention.

MATERIALS AND METHODS
=====================

Cell culture, antibodies, and chemicals
---------------------------------------

HepG2 cells were grown in DMEM medium with 10% (v/v) heat-inactivated FBS, penicillin (100 U/ml), and streptomycin (100 μg/ml). The cultures were maintained at 37℃ in a 5% CO~2~ incubator. Antibodies against PARP, caspase-3, -8, -9, JNK, ERK, p38 MAPK, phosphorylated JNK, and β-actin were purchased from Cell Signaling Technology (Danvers, MA, USA). The ERK1/2 inhibitor PD98059, the p38 inhibitor SB203580, and the JNK inhibitor SP600125 were purchased from Calbiochem (Darmstadt, Germany). The broad-spectrum caspase inhibitor Z-VAD-FMK and PI/RNase A solution were purchased from BD bioscience (San Jose, CA, USA).

Cell viability
--------------

Cells (1×10^5^ cells/well) were added to duplicate 12-well plates and incubated for 4 h, then treated with various concentrations of LUT7G for 24 h. Cell viability was measured with CellTiter Glo (Promega, Madison, WI, USA). Cell viability is presented as the percentage of dead cells in each well.

Nuclear staining with Hoechst 33342
-----------------------------------

The nuclear morphology of the cells was studied using the cell-permeable DNA-specific dye Hoechst 33342. Approximately 2×10^5^ HepG2 cells/well were treated with LUT7G at various concentrations for 24 h. Then, Hoechst 33342 was added to the culture medium at a final concentration of 1 μg/ml, and the plate was incubated for another 10 min at 37℃. The stained cells were then observed under a fluorescence microscope (Carl ZEISS, Oberkochen, Germany) equipped with a SPOT digital camera to examine the degree of nuclear condensation.

TUNEL assay and DNA fragmentation analysis
------------------------------------------

Cells treated with LUT7G for 24 h were fixed with 4% formaldehyde for 20 min. Cells with fragmented nuclear DNA were detected according to the manufacturer's instructions. PI counterstain was performed at room temperature for all nuclei. The cells were analyzed using a fluorescence microscope. DNA laddering detection was performed according to the manufacturer's instructions (QIAGEN, Hilden, Germany).

Cell cycle analysis
-------------------

Cells treated with LUT7G were harvested and collected by centrifugation at 1,500 rpm for 10 min and washed with ice-cold PBS. The cell pellet was suspended with 70% ethanol at −20℃ overnight, washed, and then incubated with PI/RNase A for 30 min staining in the dark at room temperature. Flow cytometry was used for detection (FACSCalibur, BD biosciences).

ROS generation analysis
-----------------------

For the microscopic detection of ROS formation, cells treated with LUT7G for 24 h were incubated with DCF-DA (25 μM) for 30 min at 37℃ in the dark. After several washings with PBS, cells were observed with a fluorescence microscope.

Western blot analysis
---------------------

Cells were lysed in RIPA buffer (150 mM Sodium Chloride, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 7.5, and 2 mM EDTA) on ice for 30 min. After centrifugation at 4℃ for 20 min (12,000 × *g*), the supernatant was collected. Protein concentrations were determined by BCA assay (GenDEPOT, Barker, TX, USA). Equal amounts of cell extracts were separated by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). The membranes were blotted with antibody, and detection was performed with an ECL system (Pierce, Rockford, IL, USA) according to the manufacturer's instructions.

Statistical analysis
--------------------

Statistical analyses were performed with SPSS statistical software (version 12.0). The data represent the means ± SEM from 3 independent experiments, except where indicated. Statistical analyses were performed by student's *t*-test at a significance level of P ＜ 0.05.
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